The aleurone layer of barley (Hordeum vulgare L.) grains responds to the phytohormone GA, by synthesizing and secreting a battery of hydrolytic enzymes, among them a-amylases, proteases, glucanases, and nucleases (Brown and Brodl, 1988) . These hydrolases, especially a-amylases, constitute the bulk of proteins synthesized by the aleurone layers. GA, also induces the proliferation and organization of lamellar stacks of RER membranes that serve as the site of synthesis for secretory proteins (Jones, 1969) . This secretory effort supports the mobilization of endosperm reserves that nourish the heterotrophic growth of the barley ' This work was supported by National Science Foundation grants DCB-8802026 and DCB-9105888 (to M.R.B.) and Sigma Xi Grants-in-Aid of Research (to K.K.G.).
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embryo, and the aleurone layer is dedicated to the synthesis and secretion of these proteins (Varner and Ho, 1976) . Under the experimental conditions of the classic "aleurone system," the embryo, which is the endogenous source of GA,, is removed from the barley grain. The resulting "half seed" is allowed to imbibe for 4 d, after which the endosperm has softened and can be cleanly scraped away. GA, is then applied exogenously to the isolated aleurone layer to induce the secretory response. If isolated aleurone layers are incubated in the absence of GA,, the soaked layers are engaged in significant levels of protein synthesis and secretion; however, the profile of proteins synthesized is quite different from that of GA,-treated aleurone layers (Higgins et al., 1982) .
Few stimuli interrupt the GA,-induced synthesis of hydrolases; yet if GA,-treated aleurone layers are exposed to heat shock (40°C for 1-3 h), the synthesis of the GA,-induced hydrolases is rapidly suppressed (Belanger et al., 1986) . Furthermore, this suppression is selective for secretory proteins in general; the synthesis of nonsecretory proteins is essentially unaffected by heat shock . The mRNAs encoding secretory proteins are selectively destabilized during heat shock . The suppression of secretory protein synthesis was correlated with the delamination and dissociation of the stacks of ER lamellae and an apparent reduction in amount of ER membranes as viewed by transmission EM (Belanger et al., 1986) . Sticher et al. (1990) reported that heat shock caused an increase in the apparent buoyant density of ER membranes isolated on continuous SUC gradients and that heat shock suppressed the synthesis of secretory proteins. They noted, however, that heat shock increased the activity of Cyt c reductase 1.2-fold and did not significantly affect the leve1 of ATP-dependent Ca2+ transport activity. From these data concerning marker enzyme activity, they suggested that the principal effect of heat shock was on the organization of ER membranes rather than on the quantity of ER membranes and that the ER reorganized into a "system unable to support the synthesis or transport of secretory proteins" (Sticher et al., 1990) . Because the ER lamellae serve as the translation site for secretory protein mRNAs, Plant Physiol. Vol. 1 1 O, 1996 we have hypothesized that changes in the ER lamellae during heat shock may be a discriminating factor in selecting hydrolase mRNA for destabilization . However, in contrast to this, in aleurone layers incubated in the absence of GA, the synthesis of virtually a11 normal cellular proteins, whether secretory or nonsecretory, continues during heat shock (Belanger et al., 1986; M.R. Brodl, unpublished observations) .
Heat shock is known to cause damage to membranebased cellular processes. It has been documented to cause problems with electrolyte leakage across membranes (Burke and Orzech, 1988) and with photosynthesis (Berry and Bjorkman, 1980) , mitochondrial respiration (Lepock et al., 1983) , and Glc and rubidium transport (Cress and Gerner, 1980) . It has been proposed that temperature changes alter critica1 interactions between membrane lipids and integral membrane proteins by causing lipid phase transitions that lead to impaired protein function (Raison et al., 1980; Quinn, 1984) .
Integral membrane proteins are important in the process of translation and translocation of secretory proteins into the lumen of the ER lamellae. There are integral membrane proteins that are required for the binding of the srp-ribosome-mRNA complex and for the subsequent translation and translocation of the nascent polypeptide chain across the hydrophobic interior of the membrane bilayer (for review, see Chrispeels, 1991; Gallie, 1993) . Initially the ribosome translates only the signal sequence encoded by the secretory protein mRNA. The signal sequence is recognized by an srp, which stalls further translation until the resulting srp-ribosome-mRNA complex binds to the srpbinding protein at the ER (Gilmore, 1993) . Translation then recommences as the srp releases the ribosome-mRNA complex (Gilmore, 1993) , and the growing polypeptide chain is translocated across the membrane through a gated, aqueous pore (Crowley et al., 1994) . In barley aleurone layers, heat-induced changes in the interaction of such proteins and phospholipids may affect srp binding and/or protein translocation. This would lead to an abnormally protracted stalling of secretory protein translation. Stalled translation has been demonstrated to cause mRNA destabilization (Parker and Jacobson, 1990; Capronigro et al., 1993) .
Plants grown in high-temperature stress conditions appear to compensate for heat by increasing the degree of fatty acid saturation in their membrane phospholipids. This serves to decrease the fluidity of the membrane by increasing the transition temperature to preserve or restore membrane function, a process termed homeoviscous adaptation (Quinn, 1984) . As a first step in better characterizing the changes in ER membranes brought about by heat shock, we have exploited the difference in the heat-shock response between barley aleurone layers incubated in the presence and absence of GA, to investigate whether there are differences in the lipids of their ER membranes that could contribute to the enhanced expression of secretory proteins in heat-shocked, non-GA,-treated aleurone layers. We have found that GA, treatment causes an increase in the leve1 of fatty acid unsaturation of ER phospholipids over that of aleurone layers incubated in the absence of the hormone.
These differences in fatty acid saturation and heat-shock response are consistent with the principles of homeoviscous adaptation; the higher degree of unsaturation may contribute to making the ER membranes of GA,-treated aleurone cells more heat sensitive than their untreated counterparts.
MATERIALS A N D METHODS

Plant Material
Aleurone layers from barley grains (Hordeum vulgare L.
cv Himalaya, 1985 harvest, Washington State University, Pullman) were prepared under aseptic conditions according to the procedures of Belanger et al. (1986) . De-embryonated grains were allowed to imbibe in incubation buffer (20 mM sodium succinate, pH 5.0, 20 mM CaC1,) for a period of 4 d prior to dissection of the endosperm from the aleurone layers. Isolated aleurone layers were incubated in a reciprocating shaking water bath (120 oscillations/min) at normal (25°C) or heat-shock (40°C) temperature.
In Vivo Labeling and Analysis of Proteins
Samples of secreted proteins were prepared by incubating 20 aleurone layers in 4 mL of incubation buffer in either the presence or absence of 1 p~ GA, for 10 h at 25°C. Proteins were labeled by incubating the layers in 2 mL of fresh buffer, with or without GA,, containing 200 pCi [35S]Met (specific activity >650 Ci/mmol, New England Nuclear) for 6 h. At the end of the labeling period, the label was removed with two changes of buffer containing 1 mM nonradioactive Met; then 2 mL of fresh, nonradioactive buffer were added. The medium was collected and replaced at 30-min intervals. During this time the samples were either maintained at 25°C or abruptly shifted to 40°C. Proteins from collected medium were precipitated on ice in 7 volumes of acetone for 30 min. The samples were centrifuged at 12,OOOg for 20 min, and the pellets were resuspended in 300 pL of gel-loading buffer (Laemmli, 1970) containing SDS and 2-mercaptoethanol.
Samples of intracellular proteins were prepared by incubating 10 aleurone layers in 2 mL of buffer, with or without 1 p~ GA,, for 16 h at 25°C. For samples labeled at the end of the incubation period, the aleurone layers were then rinsed with fresh buffer and abruptly shifted to 40°C or maintained at 25°C for a period of 3 h, the last 1 h of which was in the presence of 50 pCi of [35S]Met. After the labeling period, the aleurone layers were rinsed with buffer and 1 mM Met and then homogenized in 300 pL of SDS gelloading buffer (Laemmli, 1970) and 5 pL of 100 p~ leupeptin (a thioprotease inhibitor, obtained from Sigma) in a mortar and pestle with acid-washed silica sand. For samples that were pulse/chase labeled, the last 30 min of the initial16-h incubation period was in the presence of 50 pCi of [35S]Met. The samples were then chased twice with two 10-min rinses of incubation buffer containing 1 miv nonradioactive Met and then abruptly shifted to 40°C or maintained at 25°C for a period of 2.5 h, after which they were homogenized. Homogenates were mixed with 300 pL of SDS gel-loading buffer. . Protein synthesis and secretion in heat-shocked barley aleurone layers incubated in the presence of CA 3 . In A, aleurone layers were incubated in the presence of 1 /HM GA, for 16 h and then maintained for 3 h at either 25 or 40°C. The last hour of incubation was in the presence of [ i5 SlMet. Equal amounts of TCA-precipitable radioactivity from the homogenates were analyzed by 11.5% SDS-PAGE. In B, aleurone layers were incubated in the presence of 1 JUM GA 3 for 1 6 h, the last 6 h also in the presence of | 35 S]Met, and then chased with nonradioactive Met and incubated for 4 h at either 25°C (-HS) or 40°C ( + HS). During the incubation following the chase, the incubation medium was collected and replaced with fresh medium every 30 min. The samples of collected medium were acetone precipitated and equal amounts of each sample were analyzed by 11.5% SDS-PAGE. Times above the lanes indicate the number of hours after the chase began; proteins in each lane were released into the medium during the 0.5-h interval ending at the indicated time. In C, aleurone layers were incubated in the presence of 1 /XM GA, for 15.5 h at 25°C. The layers then were pulsed with [ i5 S]Met for 30 min.
After the 30-min pulse, the layers were chased and either retained at 25°C or shifted to 40°C for the remaining 2 h of incubation. Equal amounts of TCA-precipitable radioactivity from the homogenates were analyzed by 11.5% SDS-PAGE. The gels were prepared for fluorography and exposed to x-ray film. P/C, Pulse/chase. Arrowhead, Position of a-amylase; arrow, hsp.
Proteins were analyzed by one-dimensional 11% SDS-PAGE as described by Laemmli (1970) . The gels were visualized either fluorographically (Jen and Thatch, 1982) or by immunoblotting. For immunoblotting, proteins separated on 11% SDS-polyacrylamide gels were electroblotted to nitrocellulose (Nitro-Bind; Micron Separations, Inc., Westboro, MA). Membranes were probed using a 1:5000 dilution of rabbit anti-barley aleurone a-amylase obtained from Tuan-hua David Ho (Washington University, St. Louis, MO) with a commercial chemiluminescent detection system (ECL Western Blotting Detection System, Amersham) according to the manufacturer's instructions. Proteins were quantified by the method of Bradford (1976).
Lipid Extraction, Phospholipid Isolation, and Fatty Acid Analysis
Twenty aleurone layers per sample were labeled with 10 /j,Ci [ 14 C]glycerol (specific activity >10 mCi/mmol, New England Nuclear) during the final 3 h of their respective temperature regimens. The samples were homogenized in a mortar and pestle with acid-washed silica sand and 300 p.L of incubation buffer. Lipids were extracted from the samples using chloroform-methanol (Folch et al., 1957) . The phospholipids in each sample were separated by one-dimensional TLC (20X20 K6 silica gel, Whatman) according to the procedures of Gilfillan et al. (1983) . The positions of individual phospholipids were determined by co-migration with standards (Sigma). The phospholipids were visualized by iodine vapor and scraped from the plates, and radioactivity was assessed by liquid scintillation counting using a Beckman LS 6000IC liquid scintillation counter. Total phospholipid was quantified by the procedure of Bartlett (1959) .
TLC-purified PC, eluted from the silica with chloroform: methanol (2:1, v/v), was hydrolyzed and methylated according to the procedures of Geer et al. (1986) . The resulting fatty acid methyl esters were analyzed by GC (model 5890, series II, Hewlett-Packard) using a column of 10% SP-2330 on 100/120 Supelcoport (Supelco, Bellefonte, PA). Peaks were identified by co-migration with fatty acid standards (Sigma). Samples of PC with known fatty acid compositions (Sigma) that were TLC purified, hydrolyzed, methylated, and analyzed by GC (as above) indicated that sample oxidation during the extraction and analysis was negligible. In addition, butylated hydroxytoluene was added and samples were stored under nitrogen gas to minimize oxidation.
Cell Homogenization and Fractionation
One hundred aleurone layers per sample were homogenized with razor blades using a modified electric carving www.plantphysiol.org on October 23, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 110, 1996 knife retrofitted with single-edged razor-blade holders as described by Jones (1985) . Homogenizations were done in 7 mL of a buffer containing 25 mM Hepes-BTP (pH 7.4), 3 mM EDTA, 1 mM DTT, and 0.5% BSA. The homogenate was filtered through Miracloth (Calbiochem) and cell debris was pelleted at l,000g and 4°C for 10 min in a Sorvall SS-34 rotor in a Sorvall RC-5C refrigerated, high-speed centrifuge (DuPont Instruments, Newton, CT). The lOOOg supernatant was centrifuged through a discontinuous Sue (20 and 50% [w/w] Sue, buffered with Hepes-BTP [pH 7.4], 1 mM DTT) gradient for 2 h at 70,000g and 4°C in a Optima L-80 ultracentrifuge using SW27.1 buckets on an SW27 rotor (Beckman). The turbid band at the interface was collected and centrifuged through a continuous Sue (18^15% [w/w] Sue, buffered with Hepes-BTP [pH 7.4], 1 mM DTT) gradient at 70,000g for 14 h using the same ultracentrifuge, rotor, and buckets. One-milliliter fractions were collected using an Auto Densi-flow gradient fraction collector (Buchler Instruments, Fort Lee, NJ) and a Gilson Microfractionator (Gilson, Middleton, WI).
The position of the microsomal band was identified by Cyt c reductase (ER-marker enzyme) activity according to the procedure of Jones (1980) . Vanadate-sensitive ATPase (pH 6.5) activity was assayed according to the procedure of Sze (1984) . IDPase activity was assayed according to the procedure of Nagahashi and Kane (1984) . For both assays the release of Pi was measured by the Fiske-SubbaRow assay (Fiske and SubbaRow, 1925) . Cyt c oxidase and catalase were assayed spectrophotometrically (Lord et al., 1973) at room temperature. For the assays, 2 to 14 jug of protein were used as estimated by the Bradford assay (Bradford, 1976) and A 2RQ measurements. Sue concentrations were measured by refractometry.
RESULTS
Protein Synthesis and Secretion during Heat Shock
Barley aleurone layers, incubated in the presence of GA 3 (+GA), responded to exposure to 40°C by synthesizing hsps (Fig. 1A) . In this experiment aleurone layers were incubated in the presence of GA 3 at 25°C for 16 h and then either retained at 25°C or shifted to 40°C for 3 h (labeling with [
35 S]Met took place during the last 1 h of incubation). The profile of hsps synthesized by heat-shocked barley aleurone layers is comparable to that of other plant species (Key et al., 1981; Cooper and Ho, 1983) . As had been reported earlier (Belanger et al., 1986) , exposure to heat shock also caused a marked reduction in the synthesis of a-amylase. The effects of this suppression in secretory protein synthesis are manifest when one examines the proteins secreted into the incubation medium. Figure IB shows an SDS-gel fluorogram demonstrating the effect of heat shock on the secretion of radiolabeled proteins from GA 3 -treated aleurone layers. After 3 h of heat shock, a very clear reduction in a-amylase secretion was apparent. Heat-shock-induced suppression of a-amylase secretion could be noted as soon as 1 h after the start of heat shock. In addition to the reduction of a-amylase secretion, heat shock also markedly reduced the secretion of at least five other proteins into the incubation medium. Figure 1C shows the pattern of proteins present in aleurone layer homogenates that were pulse/chase labeled with [ 35 S]Met for a 30-min pulse, 2.5 h prior to homogenization. During the final 2 h of incubation the layers were either retained at 25°C or shifted to 40°C. The levels of a-amylase present in the heat-shocked and control samples were comparable, indicating that heat shock does not cause an accumulation of secretory proteins within aleurone cells.
If one examines the effect of heat shock on the synthesis of normal cellular proteins in aleurone layers incubated in the absence of the hormone (-GA), there are only a few minor proteins whose synthesis is suppressed ( Fig. 2A) . We were interested in examining whether these layers were able to continue secreting proteins into the incubation medium during heat shock. To this end, a secretion experiment parallel to the one for GA 3 -treated aleurone layers was performed. Figure 2B shows an SDS-gel fluorogram demonstrating that layers incubated in the absence of GA 3 Figure 2 . Protein synthesis and secretion in heat-shocked barley aleurone layers incubated in the absence of GA 3 . Samples were prepared as in the legend for Figure 1 except that all incubations were done in the absence of 1 JAM CA 3 and in B the incubations following the chase were extended for 3 h rather than 4 h. P/C, Pulse/chase. Arrowhead, Position of a-amylase; arrow, hsp. and exposed to heat-shock temperature did not show a marked reduction in the secretion of proteins into the medium as compared to non-heat-shocked controls. This was in sharp contrast to the effect of heat shock on GA 3 -treated layers. Visual inspection of the lanes indicates that heat shock may actually enhance secretion slightly. Layers not stimulated by GA 3 synthesized and secreted measurable amounts of a-amylase, and heat shock did not appear to diminish the secretion of this protein. Furthermore, as evidenced by pulse/chase-labeling experiments (Fig. 2C) , heat shock did not cause an accumulation of secretory proteins within aleurone cells. Figure 3 illustrates the effect of heat shock on the secretion of proteins from aleurone layers incubated in either the presence or absence of GA 3 as measured by TCA- Figure 3 . Secretion of radiolabeled, total, and a-amylase proteins from heat-shocked aleurone layers. Layers were incubated and labeled as described in the legends to Figures 1B and 2B . In A, the fraction of TCA-precipitable radioactivity secreted from heatshocked layers (HS) as compared to non-heat-shocked (control) layers is given for each 30-min interval for layers treated (•, +GA) and not treated (A, -CA) with 1 ^M GA ( . In B, the amount of total protein secreted per microliter of medium is reported. Anti-a-amylase immunoblots of proteins in the incubation medium of GA-treated and untreated aleurone layers are shown in C and D, respectively. These samples were incubated as in A and B, except that sampling interval was 1 h rather than 30 min. Equal amounts of incubation medium were used in A, B, C, and D.
precipitable radioactivity, total protein levels, and immunoblotting using a-amylase antibodies. In Figure 3A , the data are expressed as the fraction of acid-precipitable radiolabeled protein (labeled prior to heat shock) secreted from heat-shocked layers, either with or without GA 3 , as compared to their non-heat-shocked counterparts. Heat shock apparently caused an initial enhancement of secretion in GA 3 -treated aleurone layers, but secretion diminished to less than one-third of non-heat-shocked controls within 2 h. In contrast, the secretion of acid-precipitable radiolabeled protein from layers not stimulated by GA 3 never decreased below the level of secretion of non-heatshocked controls. Compared on the basis of total protein secreted per aleurone layer during 16 h of incubation (Fig.  3B) , GA 3 -treated aleurone layers secreted approximately 1.47-fold more protein into the medium than did layers not treated with GA 3 (0.212 versus 0.144 /ig protein//xL medium). During heat shock, the protein secreted by GA 3 -treated aleurone layers was reduced 4.5-fold. This indicates that in addition to affecting the secretion of newly synthesized proteins heat shock also reduced total protein secretion. Furthermore, these data show that aleurone layers not treated with GA 3 sustain an active level of secretion and that the reduction in secretion observed in GA 3 -treated layers during heat shock represents more than merely a return to a basal level of secretion characteristic of untreated layers. The initial burst in secretory activity observed during heat shock in both GA 3 -treated and untreated aleurone layers most likely resulted from increased synthetic or secretory activity upon initial exposure to 40°C prior to equilibration to the elevated temperature. This same trend of suppression of protein secretion in GA 3 -treated aleurone layers was also apparent when the effect of heat shock on secretion was examined specifically for a-amylase. Heat shock reduced the amount of a-amylase protein secreted into the incubation medium of GA 3 -treated aleurone layers as measured by immunoblotting (Fig. 3C) . However, heat shock did not reduce the amount of a-amylase protein secreted into the incubation medium of aleurone layers incubated in the absence of GA 3 (Fig.  3D) . a-Amylase is synthesized completely de novo (Filner and Varner, 1967; Ho and Varner, 1978) .
Heat Shock Increases the Incorporation of [ 14 C]Glycerol into PC
An earlier report from Belanger et al. (1986) documented the loss of stacked ER lamellar structures in GA 3 -treated aleurone layers exposed to heat shock. Our observations of the effects of heat shock on protein secretion in aleurone layers indicated that the ER of layers not incubated in the presence of GA 3 responds to heat shock in a different manner. Because the RER membranes of barley aleurone layers incubated in the absence of GA 3 are found chiefly as single lamellae and not arrayed in the elaborate and highly organized lamellar stacks of ER that are characteristic of aleurone layers incubated in the presence of GA 3 (Jones, 1969) , it is difficult to interpret the effect of heat shock on their ultrastructure (M. Brodl, unpublished observations). For this reason, we instead explored potential differences www.plantphysiol.org on October 23, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 11 O, 1996 in the composition of ER membranes from GA,-treated and untreated layers. In most plant tissues, temperature has a pronounced impact on membrane-lipid composition (for review, see Quinn, 1984) . As an initial step in investigating possible changes in phospholipid composition resulting from exposure to 40"C, aleurone layers were labeled with ['4C]glycerol, and thin-layer chromatographic analyses were performed on total lipid extracts. Table I shows that aleurone layers incubated in either the presence or the absence of GA, incorporated [14C]glycerol into PC, PE, PI, PS, and PA in proportionately similar amounts. When aleurone layers from either treatment were exposed to heat shock, there was a marked increase in the percentage of ['4C]glycerol incorporated into PC, from approximately 50 to 70%. This difference is statistically significant to the 99% confidence level by t test analysis of the arcsine-transformed percentage data. Heat shock increased the incorporation of [14C]glycerol into phospholipids approximately 2-fold, but incubation in the presence of GA, had no effect on [14C]glycerol incorporation. Glycerol uptake was approximately equivalent in a11 samples.
When barley aleurone layers are returned to normal incubation temperatures following heat shock, the synthesis and secretion of a-amylase recovers within 5 h (Brodl et al., 1990) . We were curious as to whether there were changes in [14C]glycerol incorporation accompanying recovery or during a second exposure to heat shock following recovery. Aleurone layers incubated in the presence of GA, and heat shocked as above were incubated an additiona18 h either entirely at 25°C or at 25°C for 5 h and then at 40°C for 3 h. [14C]Glycerol was present during the last 3 h of each incubation. In aleurone layers that had recovered from heat shock, the percentage of [14C]gly~erol incorporated into PC returned to levels comparable to those of non-heat-shocked controls. However, in samples in which aleurone layers recovered and then were heat shocked again, the incorporation of [14C]glycerol into PC was 72.68% of the total incorporation (Table I) Increases in fatty acid unsaturation have been linked to the formation of more fluid or less ordered membranes (Steponkus et al., 1988) . Because of the heat-shock-induced change observed in PC, we examined the fatty acids associated with this particular phospholipid class. Following TLC of GA,-treated and/or heat-shocked samples, bands co-migrating with PC standards were re-extracted from the silica. Fatty acids were hydrolyzed from the reconstituted PC, methylated, and analyzed by GC. Table I1 shows that incubation of aleurone layers in the presence of GA, was associated with an increase in long-chain, unsaturated fatty acid species (0.78 versus 0.52 ratios of saturated to unsaturated fatty acids for -GA and +GA, respectively). When GA,-treated layers were exposed to heat shock, there was a decrease in the amount of long-chain, unsaturated fatty acids and an increase in shorter-chain, relatively saturated species (0.52 versus 0.80 ratios of saturated to unsaturated fatty acids for control and heat-shocked tissues, respectively). Aleurone layers that had been heat shocked but incubated in the absence of GA, showed minor changes in fatty acid composition when compared to control samples. Hence, we did not detect an appreciable change in the ratio of saturated to unsaturated fatty acids in this sample (0.78 versus 0.82 for ratios of saturated to unsaturated fatty acids in control and heat-shocked tissues, respectively). The fatty acids associated with other phospholipids were not examined.
lncubation with GA, lncreases the Amount of Unsaturated Fatty Acids in ER Membranes
Although changes in the incorporation of [14C]glycerol into PC were correlated with decreased saturation of PC- Table I . lncorporation of ['4Clglycerol into phospholipids of aleurone layers incubated with or without GA, and/or heat shock Twenty aleurone layers were incubated in either the presence (+GA) or absence (-GA) of GA, at 25°C for 16 h. for samples in the first four columns, the final 3 h of each incubation were at either 25 or 40°C (+HS) in the presence of ['4Clglycerol . For samples in the last two columns, the layers were incubated at 25°C for 16 h, exposed to 40°C for 3 h, and then returned to 25°C for 8 h (+R) or returned to 25°C for 5 h and then re-exposed to 4OoC for 3 h (+R+HS); in each case the last 3 h were in the presence of ['4C]glycerol. Lipids were extracted from 100 p,L associated fatty acids, there is no indication that these changes had an impact on the ER of aleurone layers. For this reason, we examined the fatty acids hydrolyzed from lipid extracts of microsomal membranes isolated from heat-shocked and non-heat-shocked, GA,-treated and untreated, aleurone layers by GC. Microsomal membranes containing ER-marker enzyme activity were isolated from aleurone layers. The gradient fractions designated as containing ER microsomes were enriched in Cyt c reductase activity and relatively free of marker enzyme activity from other organelles (Fig. 4) . A notable exception is vanadate-sensitive ATPase activity, a marker enzyme for the plasma membrane, which had a shoulder of activity in the ER microsome fractions. Heat shock decreased the buoyant density of ER microsomes, which is consistent with the observations of Sticher et al. (1990) .
Gas chromatographic analysis of the fatty acids in isolated ER microsomal membranes (Table 111) showed that incubation in the presence of GA, increased the amount of polyunsaturated fatty acids (18:2 and 18:3) and decreased the amount of saturated (16:O and 18:O) fatty acids. The resulting saturated to unsaturated fatty acid ratios resulting from incubation in the presence of GA, were comparable to those observed from samples of fatty acids hydrolyzed from TLC-purified PC. ER microsomal membranes isolated from aleurone layers incubated in the absence of GA, had a greater proportion of saturated fatty acids (0.90 versus 0.61 ratios of saturated to unsaturated fatty acids for -GA and +GA, respectively). When aleurone layers incubated in either the absence or presence of GA, were exposed to heat shock (3 h at 40°C following 16 h at 25"C), the relative amount of saturated fatty acids was markedly increased (1.24 versus 1.13 ratios of saturated to unsaturated fatty acids for -GA, +HS and +GA, +HS, respectively). This shift toward saturation during heat shock was not observed in samples of fatty acids hydrolyzed from TLCpurified PC when aleurone layers were incubated in the absence of GA, (Table 11) .
DISCUSSION
The data in this paper document differences in the lipid composition of barley aleurone layers incubated in the absence and presence of GA,. Although the pattems of [14C]glycerol incorporation into the phospholipids PA, PC, PE, PI, and PS were similar in the two treatments, the fatty acids associated with PC and with microsomal fractions were quite different. Incubation of aleurone layers in the presence of GA, resulted in a greater proportion of unsaturated fatty acids in total PC extracts and in total lipid extracts of ER microsomal fractions as compared to similar extracts from aleurone layers incubated in the absence of GA,.
We have also documented differences in the heat-shock responses of aleurone layers incubated in the absence and the presence of GA,. In the presence of GA,, heat shock markedly reduced the synthesis and secretion of secretory proteins. In contrast, heat shock did not diminish the synthesis and secretion of secretory proteins from layers incubated in the absence of GA,. The data also show that exposure to heat shock resulted in a significant increase in the proportion of [14C]glycerol incorporated into PC in aleurone layers exposed to either GA, treatment. Examination of the fatty acids found in ER membrane fractions from heat-shocked aleurone layers showed a decrease in the degree of fatty acid unsaturation, irrespective of the hormone treatment.
Other researchers have examined the effects of GA, on membrane lipids in barley aleurone layers. Evins and Varner (1971) demonstrated that GA, incubation increased the incorporation of [14C]choline into acid-insoluble, lipid-solvent-extractable components in crude microsomal fractions. Johnson and Kende (1971) provided evidence that GA, increased the activity of phosphorylcholine-cytidyl and phosphorylcholine-glyceride transferases involved in the biosynthesis of PC. However, subsequent reports showed that GA, incubation produced little (Koehler and Varner, 1973) or no (Firn and Kende, 1974) change in the leve1 of specific classes of phospholipids. Our results are consistent with the observation that GA, incubation has little effect on phospholipid composition. Yet in previous reports the effects of GA, on the fatty acids in barley aleurone cells were not examined, whereas we have found these acids to be affected by the presence of the hormone. We have documented GA,-induced shifts in the fatty acids associated with PC and total lipid extracts of microsomal fractions, but we have not examined whether GA, affects the fatty acids specifically associated with other phospholipid classes.
We had observed that heat shock did not appear to cause increases i n the saturation of fatty acids hydrolyzed from TLC-purified PC isolated from samples incubated in the ab- sence of GA,; yet, if fatty acids were instead obtained from ER microsomes, heat shock did appear to increase saturation. We attribute this to the different nature of the samples. Preparations of fatty acids from TLC-purified PC represent a11 membranes in barley aleurone cells, and changes in membrane saturation may be focused on select membranes. PC is synthesized by enzymes located in the ER and then distributed throughout the cell (Koehler and Vamer, 1973; Lord et al., 1983; Moore, 1987) . In our samples, hormonal induction took place over 16 h, whereas heat shock was for a comparatively brief 3-h period. Therefore, heat-shock-induced changes in fatty acid saturation of ER membranes could be "swamped out" by fatty acids from membranes of other cellular components; the ER would be the first membranes to reflect a modified fatty acid profile. In addition, changes in fatty acid saturation may also take place in phospholipids other than PC. Our preparations of total fatty acids from ER microsomes would reflect these changes in saturation, whereas our preparations of fatty acids from TLC-purified PC would not. Care must be taken when considering our data regarding secreted proteins to distinguish between the effects of heat shock on protein synthesis and protein secretion. Because heat shock interrupts secretory protein synthesis, the first step in protein secretion, it is not clear from these data whether heat shock has effects on posttranslational secretory processes as well. In the experiments reported here, we examined the appearance of proteins in the incubation medium and found that such proteins diminished gradually during the first few hours of heat shock. Our pulse/ chase data indicate that heat shock does not cause a marked accumulation of proteins within aleurone cells. Heat-shocked aleurone cells may therefore be able to continue the secretion of proteins as long as secretory proteins enter the endomembrane pathway. Sticher et al. (1990) demonstrated that ER-associated Ca2+ transport and Cyt c reductase activities of barley aleurone cells are not diminished during heat shock, indicating that these ER functions are not heat labile. In contrast, heat shock does not affect the synthesis of phytohemagglutinin in heat-shocked soybean cotyledons, but it does stop the posttranslational processing of this protein in the ER (Chrispeels and Greenwood, 1987) . The effect of heat shock on posttranslational secretory protein processes in barley aleurone cells needs further investigation.
The degree of fatty acid saturation in membrane phospholipids has been correlated with membrane fluidity. Cells exposed to chilling temperature contain membrane phospholipids with relatively unsaturated fatty acids (MacCarthy and Stumpf, 1980; Steponkus et al., 1988; Leathers and Scragg, 1989) , which has been proposed to increase the fluidity of these membranes at low temperature, enabling the maintenance of membrane function (Quinn, 1984) . In addition, chilling-induced increases in the unsaturation of membrane fatty acids are correlated with the ability to survive exposure to freezing temperatures (Yoshida, 1984) . Freezing tolerance may also be accomplished artificially by protoplast fusions with liposomes derived from cold-acclimated plants or from mono-and diunsaturated species of PC (Steponkus et al., 1988) . Conversely, plants exposed to elevated temperature exhibit a decreased leve1 of unsaturation in the fatty acids of the phospholipids in extracts of total leaf lipids (Pearcy, 1978) and in chloroplast membranes (Raison et al., 1982) . Two mutants of Arabidopsis tkaliana that are deficient in lipid desaturase activities contain chloroplasts with reduced levels of unsaturation in membrane lipids that impart enhanced thermostability (Hugly et al., 1989; Kunst et al., 1989) . It is believed that phase transitions in membrane phospholipids during temperature stress impart instability to biological membranes, and transition temperatures are lowered with increasing fatty acid unsaturation (for a review, see Quinn, 1984) .
From our results, we propose that the suppression of secretory protein synthesis in GA,-treated, heat-shocked barley aleurone cells is linked to their comparatively high degree of fatty acid unsaturation in ER membrane phospholipids. During heat shock, the function of integral membrane proteins may be impaired by lipid phase transitions at high temperature, inhibiting the proper binding of srp-ribosome-mRNA complexes to the srpbinding protein, the subsequent release of srp from the complex, or the ultimate translocation of the growing polypeptide chain through the aqueous membrane channel into the ER lumen. In contrast, the relatively greater levels of fatty acid saturation in the ER phospholipids of aleurone cells incubated without GA, would minimize phase transitions, preserving these functions during heat Plant Physiol. Vol. 11 O, 1996 shock. The difference in fatty acid saturation we observe in aleurone layers is comparable in magnitude to the difference in fatty acid saturation observed between high-temperature-acclimated and unacclimated plants of other species (Pearcy, 1978; Raison et al., 1982) .
We were struck by the observation that heat shock caused such a marked increase in the proportion of ['4C]glycerol incorporated into PC and that this increase was reversible after 8 h of recovery; the level of ["C]-glycerol incorporated into PC returned to 50% of total incorporation. Furthermore, if aleurone cells that had recovered were again exposed to heat shock, the level of ['4C]glycerol incorporated into PC increased again to 70% of total incorporation. PC is the major constituent of the ER membranes of barley aleurone cells (Johnson and Kende, 1971) . As noted earlier, PC is synthesized by enzymes located primarily in the ER. Taken together with our observation that heat shock promotes a shift toward more saturated PC-and ER-associated fatty acids, modification of the ER's PC component could be a route for regulating the fluidity of this membrane during heat shock. This would enable the heat-shocked aleurone layer to form new PC molecules with increased levels of fatty acid saturation. The resulting membranes would undergo phase transitions at higher temperature, preserving biological function and allowing acclimation to warmer temperature conditions. We found that when barley aleurone layers were exposed to a 40°C heat shock for 18 h the synthesis and secretion of a-amylase resumed, and a-amylase mRNA levels recovered to 80% of non-heat-shocked controls . Finally, the work presented here is important because it demonstrates that much more than altered protein synthesis happens during heat shock. Most of the focus of the research on the heat-shock response has been directed toward understanding the role of hsps; the effect of heat shock on normal cellular processes has received comparatively little attention. Within the brief time of heat shock, we have found changes in membrane lipid composition that parallel the altered lipid composition documented in plants grown in high-temperature stress conditions for days or weeks (Pearcy, 1978; Raison et al., 1982) . In the establishment of thermotolerance, it appears that more than the synthesis of hsps may have to take place to secure a thermotolerant state in a cell.
